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ABSTRACT 


An experimental investigation was conducted to examine 
the effects of fuel-air ratios, fuel composition and smoke- 
suppressant fuel additives on the sooting characteristics of 
a T-63 combustor. Multiple wavelength light transmission and 
two-angle light scattering measurements were used to measure 
the mean soot diameter. Ferrocene, 127 Cerium Hex-Cem and 
USLAD 2055 were found effective in reducing exhaust gas 
opacity. Initial results were conflicting on the cause for 


the reduced opacity. 
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I. INTRODUCTION 


The maintenance of high performace turbofan/turbojet 
engines by the U.S. Navy/Air Force is carried out in jet 
test cells on shore based facilities. These test cells are 
required to adhere to regulations and guidelines set down by 
the Environmental Protection Agency regarding emmision of 
air pollutants. In addition to these federal regulations, 
local state laws often impose more stringent requirements to 
curb pollution. These regulations are applicable only while 
the engine is being tested on the ground but not when the 
engine is airborne. Therefore, the primary concern is in 
the control of exhaust products that an engine generates in 
a post-overhaul test conducted in a test cell. 

To comply with the emission regulations, the existing 
test cells themselves could be modified to treat and regu- 
late the exhaust products from the engine under test. 
However, this is extremely costly. Another, less expensive, 
alternative is to modify the fuel itself or the combustion 
process so that cleaner exhaust products are produced. A 
study into this alternative has been undertaken by the Naval 
Postgraduate School. This research is directed at studying 
the effects of fuel additives and fuel composition on the 
sooting characteristics within, and exterior to, a T63 
engine combustor. 

This thesis was a continuation of the work that was 
initiated by Bennett [Ref. 1], who used light transmission 
and scattering techniques to measure the particle size and 
mass concentration of the soot generated in the T63 combu- 
SGOT. Several improvements were made to the test facility 
used by Bennett in order to improve the quality of data 
gathered. These improvements included the installation of 
an air heater to raise the temperature of the incoming air 


to the combustor in order to simulate more realistic 


compressor discharge conditions, the use of laser sources 
instead of white light sources in the combustion region and 
the addition of a light chopper and phase-lock amplifiers to 
Prevent combustion light from being measured by the photo- 
diodes. The objective of this study was to determine quan- 
titatively the effects on soot particle size and mass 
concentration by different smoke-suppressant fuel additives, 
and fuel compositions at different air inlet temperatures. 
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LI. THEORY 
A. LIGHT TRANSMISSION TECHNIQUE 


K.L. Cashdollar [Ref. 2] had successfully applied this 
technique to measure the particle size and mass concentra- 
tion of a cloud of smoke. The transmission of light through 
a cloud of uniform particles is given by Bouguer's law 
[Ref. 2] 


T = exp(-QAnL) = exp[-(3QCmL/2pd)] (eqn 2.1) 


where = fraction of light transmitted 


T 

Q = dimensionless extinction coefficient 
A = X-sectional area of particle 

n = number concentration of particles 

L = path length the light beam traverses 
Cm = mass concentration of particles 


p = density of individual particles 


a 
u 


particle diameter 


A more useful relationship was developed by Dobbins [Ref. 3] 


for a polydisperse system of particles: 


T =exp[-(3Q'CmL/2pD32)] (equa 2) 


average extinction coefficient 


where 0' 
D32 = volume-to-surface mean particle diameter 


1l 


Using Mie scattering theory, Q can be calculated as a 
function of particle size, wavelength of light, complex 
refractive index of the particle and medium and the standard 
deviation of the particle size distribution. Á log-normal 
distribution for the smoke particles was used. A computer 
program was provided by K.L. Cashdollar of the Pittsburgh 
Mining and Safety Research Center, Bureau of Mines, which 
produced plots of Q', and Q'4 ratios (which are both func- 
tions of wavelength) versus values of D32. Taking the 
natural logarithm of equation 2.2 and writing it for a 


specific wavelength: 


Ln Tu EO [ -3CmL/2pD32] (eqn 2.3) 


Since the three-wavelength detector measures the transmis- 
sion for all three wavelengths over an identical path 
through the smoke cloud, the ratio of the logarithm of the 
transmission (see equation 2.3) at any two wavelengths is 
equal to the ratio of the calculated extinction coefficients 


for the same wavelengths: 


[1n T41/1n T45] *[Q'4 1/Q' 45] (eqn 2.4) 


With this ratio as the input parameter to the Q'4 ratio 
versus D32 plot, the value of D32 can be determined. As the 
three wavelength measurements yield three ratios, three 
values of D32 will be obtained. If the refractive index(m) 
and the size distribution width(o) are correctly chosen, all 
three values of D32 obtained from the Q') versus D32 plots 
will be consistent. If the three values of D32 are not 


To 


consistent, either the size of the distribution width or the 
refractive index or both must be varied. Most of the partic- 


ulates from the combustion can reasonably be assumed to be 


carbon. From previous studies [Ref. 2], some refractive 
indices for carbon are available. In this investigation, a 
complex refractive index of m - 1.95 - i0.66 was used. The 


refractive index of surrounding medium was unity for air and 
Ehe standard deviation of the particle distribution, 6, was 
taken as 1.5. Once Jie, D32 and T, are known, the mass 
concentration can be calculated from the following rear- 


rangement of equation 2.3: 
Cm = ADS 2AnT> 1/30", L (eqn 2.5) 


Figures 2.1 to 2.4 show typical plots produced by the 
Cashdollar program for given values of refraction index (m) 


and three values of wavelength. 


B. FORWARD LIGHT SCATTERING TECHNIQUE 


An alternative to the light transmission technique for 
finding D32 is to measure scattered light. According to 
Hodkinson [Ref. 4], the ratio of the forward scattered 
intensities at two scattered angles yields a measure of the 
particle mean diameter, D32. For a polydisperse cloud, the 
ratio of intensities at two forward scattering angles 04 and 


@ is given by: 
9 


-1(01)/1(0,) = F(0,)/F(0,) (eqn 2.6) 
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Figure 2.1 


Extinction Coefficient versus D32. 
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Extinction Coefficient Ratios versus D32. 


Figure 2.2 
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Figure 2.3 Extinction Coefficient versus D32. 
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Figure 2.4 


Extinction Coefficient Ratios versus D32. 
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Powell and Zinn [Ref. 5] assumed an upper limit distribution 
function(ULDF) which gives the following equation for F(0) 
which considers only Fraunhoffer diffraction: 


F(0) - f((1«cos20)[J4(005)/a02]^ X | (eqn 2.7) 
exp[ -(91n(a8/1-5))7] d$/1-8 
where, 
a = nDm/À (eqn 2.8) 
and 
Dm/D32 = 1 + aexp( 1/462) (eqn 2.9) 
where a and 6 are adjustable parameters 
a - size parameter 
Dm = maximum particle diameter 
E = particle diameter divided by Dm 
Jj = Bessel function of order one 


Typical values of a and 6 are 1.13 and 1.26 as given by 
[Ref. 5]. 

The ratio of scattered light intensities at two forward 
angles is relatively insensitive to particle refractive 
index and concentration. This is a consequence of the 
forward lobe being primarily due to Fraunhoffer diffraction 
phenomena which are independent of optical properties of the 
particle (since diffraction arises from light passing near 
the particle rather than light undergoing reflection or 
refraction) [Ref. 3]. For given values of a (related to D32 
by equation 2.9), angle 0, a and 6, equation 2.7 is readily 


evaluated by numerical integration, producing a plot of 
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Intensity ratio versus D32. In this investigation, intensity 
measurements at 200 and 400 were taken. In order to have the 
recorded intensities referenced to the same scattering 
volume, the intensities most be multiplied by sin 0. The 
ratio of the intensity at 409 multiplied by sin 40% to the 
intensity at 200 multiplied by sin 200 is then used as entry 
to the plot, yielding a value of D32. Figure 2.5 shows a 
typical plot of the intensity ratio versus D32 for a wavel- 
ength of 632.8 nm. 
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Figure 2.5 Intensity Ratio versus D32. 
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ILE EXPERIMENT DESIGN 


In this investigation, a combination of light tranmis- 
Sion and forward light scattering techniques was utilized to 
measure the particle size D32 and, consequently, the mass 
concentration (Cm). The D32 determined from light scattering 
measurements served as a check on the value determined from 
the light transmission measurements to increase confidence 
in the data. Figure 3.1 is a schematic of the optical 
configuration of the experiment. 

In the exhaust region of the combustor, white-light from 
a tungsten source traveled through the smoke cloud to the 
detector assembly where the beam was split into three parts, 
each passing through a narrow-pass interference filter to a 
photodetector. The transmission measurements from these 
three wavelengths produced three values of mean extinction 
coefficient ratios. From plots of mean extinction coeffi- 
cient ratio versus D32 for different diffraction indices of 
the soot particle, it was possible to determine D32 and the 
refraction index of the particle. At the same time, scat- 
tered light from a He-Ne laser was measured at 209 and 400 
in the exhaust region. With the intensity ratio (multiplied 
by the sin 409 /sin 200 to compensate for the difference in 
scattering volume at the two angles) as input to a plot of 
intensity ratio versus D32, a second measurement of D32 was 
obtained. This value was independent of the refraction index 
of the particle and was also independent of the light trans- 
mission measurements. 

In the combustion region, two laser sources were used 
for the light transmission measurement. This yielded one 
single mean extinction coefficient ratio. With the refrac- 
tion index determined by the three wavelength measurement 


from the exhaust region and this single ratio, the plot of 
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Figure 3.1 Setup of the Optical System to Measure Light 
and Scattering in the T63 Combustor. 


mean extinction coefficient versus D32 gave the value of D32 
in the combustion region. It was assumed that the refractive 
index of the particles remained unchanged as it passed from 
the combustion region to the exhaust region. Scattered light 
measurements were to be taken at 200 and 400 for the He-Ne 
laser source to yield a second value or D32 as a check 
against that obtained by the two-laser  transmisson 
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measurement. However, these scattering measurements could 
not be successfully taken because of the presence of 
excessive combustion light. Finally, from the value of D32 
obtained from the two-laser measurement, the mass 


concentration was computed. 
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IV. EXPERIMENTAL APPARATUS 


A. COMBUSTOR 

A T63-A-5A combustor can was chosen for this experiment 
because the inlet air demands of this engine were within the 
compressed air supply capabilities available at the combus- 
tion laboratory. This is the same combustor used by Bennett 
[Ref. 1] except that the four exhaust tubes at the aft end 
were replaced with a single equivalent-sized nozzle to 
permit measurements on the exhaust characteristics in a 
Separate experiment. The modified engine is shown in Figure 
4.1. Also Figure 4.2 shows the general layout of the air and 


fuel supplies to the engine combustor. 


B.  HYDROGEN-FUELED VITIATED AIR HEATER 

The air heater previously installed was set to work by 
the addition of a rod into the airstream just ahead of the 
air heater ignitor to create a recirculation zone to sustain 
the heater flame. The following settings were used to 


achieve an air inlet temperature of 3009 r: 


Mass Flow Sonic Choke Sonic Choke 

Rate (Ibm/s) Pressure(Psia) Diameter( in) 
Air 1.9 595 0.420 
Hydrogen 0. 0032 420 0. 040 
Makeup Oxygen 0. 026 233 0.076 


C. PEEL MEASURING APPARATUS IN THE COMBUSTION 


Originally, the same equipment used by Bennett [Ref. 1], 
viz., a projector light source, was used for carrying out 


light transmission measurements in the combustion region. 
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Figure 4.1 





Modified T63 Combustor. 
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Schematic of Air and Fuel Systems 


Figure 4.2 


in the Experiment Setup. 
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However, results from several tests showed that the ampli- 
tude of the projector light through the smoke cloud was 
overwhelmed by the combustion light present in that region. 
Às a result, the transmitted light was lost and became 
indistinguishable. It was also felt that the "light-on", 
"light- off" technique used by Bennett was not accurate 
enough due to the magnitude of the combustion generated 
light in comparison to the projector light source. This did 
not permit a transmittance calculation to be made. The 
projector light source was then replaced by 2 lasers, an 
Argon laser operating at 488.0 nm and a He-Ne laser oper- 
ating at 632.8 nm. These sources, being significantly more 
intense, were able to be detected through the smoke cloud 
despite the combustion light. A light chopper was added to 
further distinguish the laser light from the combustion 
light. The light chopper, operating at 90 Hz, was placed in 
the laser path before entering the combustor. The photodiode 
detector outputs (containing both the combustor and laser 
light) were passed through a phase-lock amplifier which was 
synchronized with the chopper. The phase lock amplifier 
produced an output which was proportional to the chopped 
light signal. In addition, laser line filters were installed 
in the photodiode detectors to help filter out combustion 
light. Before actual data was taken, several trial tests to 
evaluate the effectiveness of this setup were carried out 
and the results showed that the combination of light 
chopper, phase lock amplifier and laser line filters did 
eliminate the influence of combustion light on the transmit- 
tance readings. Figures 4.3, 4.4 and 4.5 shows the setup of 
the lasers and white- light source in the experiment. Figure 
4.6 shows the three photodiodes housed in the transmittance 
detector box. Only two of the three detectors in the box are 
used for the laser light transmissions in the combustion 


region. Figure 4.7 shows the light paths traversed by the 
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laser sources in the combustion region. Attempts to measure 
Scattered light at 209 and 40% in the combustor region 
failed as there was too much combustion light present in 
comparison to the low intensities of the scattered light. 
The signal-to-noise ratio was too low to be distinguished by 
the phase-lock amplifiers. Therefore, only transmittance 
measurements were carried out in the combustion region. 
D. LIGHT TRANSMISSION AND SCATTERING MEASURING APPARATUS IN 

THE EXHAUST REGION 

As the problem of combustion light interfering with the 
transmittance measurement did not exists in the exhaust 
region, a projector-type light source was used here. The 
transmitted light entered the photodiode detector box and 
was split into three paths by beam splitters. These three 
beams were collected individually by three photodiodes which 
had filters of 450 nm, 650 nm, and 1014 nm respectively. 
This is shown in Figure 4.7. For light scattering measure- 
ments in the exhaust region, a He-Ne laser beam at 632.8 nm 
was used and the photodiode detectors were positioned at 200 
and 40Ü to collect the scattered light. Figure 4.8 is a 
schematic showing the light paths in the exhaust section of 


the combustor. 


E. TEMPERATURE MEASURING APPARATUS 

Four sheathed chromel-alumel thermocouples were radially 
located in the combustor. to monitor the temperature profile 
around the combustor. These thermocouples were connected by 
chromel-alumel wires directly to the data acquisition 
system. The positions of the thermocouples on the combustor 
are shown in Figures 4.9 and 4.10 . These thermocouples 
could be used in conjunction with the water-cooled probe 


which traversed the combustor centerline. 
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Figure 4.3 Combustor with Measuring Apparatus Fully Set Up. 
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Figure 4.4 Close-up View of Laser Systems. 
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Figure 4.5 Another View of Combustor with 
Measuring Apparatus Fully Set Up. 
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Figure 4.6 Photodiodes in Detector Box. 
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Schematic of Light Paths in Combustion Region. 


Figure 4.7 
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Schematic of Light Paths in Exhaust Section. 


Figure 4.8 
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Figure 4.9 Thermocouple Placement (side-view). 
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Thermocouple Placement (end-view). 


Figure 4.10 
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F. CONTROL PANEL AND DATA CAPTURING 

All tests were conducted from the control room where the 
main air supply, fuel flow rate and fuel additive flow rate 
could be controlled. Main air into the combustor was 
controlled by a dome loaded pressure regulator, and a sole- 
noid operated on-off valve and a sonic choke. Fuel flow was 
controlled by a throttle. valve and measured with a turbine 
flowmeter. Two precision metering pumps which controlled the 
fuel additive flow rates were operated by a switch on the 
control panel. Additive volume consumed was determined by 
measuring the amount of additive in the reservoir before and 
after the pump operation. Flow rate was then calculated 
using the elapsed time of pump operation. Mixing of additive 
and fuel was accomplished by a swirl-type mixer. Figure 4.11 
shows the T-63 control panel. All data were recorded by a 
Hewlett-Packard HP9836 data acquisition system. This is 


shown in Figure 4.12 . 
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Figure 4.11 Control Panel. 
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Figure 4.12 Data Acquisition System. 
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V. EXPERIMENTAL PROCEDURE 


Before each run, the data acquisition/reduction program 
was loaded into the computer and then all pressure trans- 
ducers were calibrated with a dead-weight tester. Alignment 
between the laser beams/light source and the photodiode 
detectors were also checked. All manual air and fuel valves 
were required to be opened. The fuel tank was pressurized 
and the nitrogen supply to operate the control panel was 
turned on. In each test, a sequence was executed by the 
computer program to collect four different sets of data. 
These were 'No Ignition', 'Ignition-Fuel Only', 
Ignition-additive' and ‘Post No-Ignition' data sets. The 
first refers to measurement of parameters in the engine 
without the engine being ignited but with air flowing. The 
second and third data sets refer to the measurements taken 
when the engine was ignited with fuel and fuel with additive 
respectively. The fourth data set was taken when the engine 
was shut down and only air was flowing. In each data set, 
the following were measured: 

e fuel flow rate 
* pressure of heater fuel 
e pressure of make-up oxygen 
* pressure of main air 
e chamber pressure 
* main air temperature 
e inlet air temperature 
* heater fuel temperature 
+ make-up oxygen temperature 
* radial thermocouple temperatures 
e voltages from the photodiodes for the transmitted light 
e voltages from the photodiodes for the scattered light 
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Exhaust temperature was simultaneously captured by the data 
þegutsition and monitored on a strip chart recorder during 
each test. This was done so that visual monitoring could be 


accomplished during the test. From the measured parameters, 
gas flow rates were calculated. 
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VI. RESULTS AND DISCUSSION 





In this investigation, NAPC #7 fuel was tested at six 
different fuel-air ratios. In addition, the effects of three 
smoke suppressant fuel additives, viz., Ferrocene, 12% 
Cerium Hex-Cem and USLAD 2055 were tested using the NAPC #7 
fuel. Two tests were also carried out using NAPC #3 fuel. 
The properties of NAPC #3 and #7 fuel are shown in Table l. 
Fuel #7 was higher in aromatic content and lower in hydrogen 
than fuel #3. Fuel additive and fuel-air ratio effects on 
mean soot diameter, soot concentration and opacity are 


discussed below: 


A. EFFECTS OF DIFFERENT FUEL-AIR RATIOS USING NAPC ¿7 FUEL 

(RUNS #1- #12) 

The results of the tests are shown in Tables 2 and 3. 
The strip chart recordings for the runs are shown in Figures 
6.1 to 6.11. It was difficult to fully utilize the computer 
acguired output from the three-wavelength light detectors. 
This was due primarily to the necessity for manually 
observing the proper post-run time for recording the "air- 
only" 100% transmittance values. For this reason, the 
exhaust transmittance values were also recorded on strip 
chart recorders. The forward measurement location utilized 
only two wavelengths. The light-chopper/phase lock ampli- 
fiers used at this location, together with the index of 
refraction of soot determined at the aft location, permitted 
data to be successfully recorded by the computer. The 


following are comments pertaining to runs #1-#12: 


* Run #1 - The strip chart recordings for this run were 
not obtained and the transmittances were determined 
only from the data acquisition system. 
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TABLE 1 


PROPERTIES OF NAPC #3 AND #7 FUEL 


API Gravity @ 15° 
Distillation (ASTM) IBP 'c 
RECOVERED 10% MAX 
RECOVERED 20% 

RECOVERED 50% 

RECOVERED 90% 

End Point, °c, max 
RESIDUE (ML), MAX 

LOSS (ML), MAX 


COMPOSITION AROMATICS (VOL%), 


OLEFIN (VOL%), MAX 


HYDROGEN CONTENT (WT%), MIN 
ANILINE = GRAVITY PROD., MIN 


Freeze Point, °C 
Viscosity @#37.8°C, (cSt) 
Temperature @ 12 cSt, (°C) 
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MAX 


NAPC #3 


41.3 
171 
192 
203 
227 
261 
216 
1.4 
0.1 
22.8 
97 
1368 
5811 


1 62 
-35.6 


NAPC #7 


35:6 


193 
204 
209 
225 
272 
288 
36 
0. 4 
26. 4 
0. 86 
12833 
4254 
-31 
1:77 
-30.6 


TABLE 2 
RESULTS OF TESTS ON NAPC #7 AND #3 FUELS 


Run Exhaust Combustion Region Exhaust Region 
no. Temp £ Transmittance Transmittance 
CPR) T( 0.48) T( 0.63) -D32 T(1.0) T((0.65) T(U. 45) D32 
(micron) (micron) 
1790 . 7250 . 140 S 1A .888 02 . 675 1 


1630 T „247 : 176 . 20 . 830 JAT Selo . 180-. 
1754 . 2250 156 - 10 . 868 . 760 „071 . 180-. 
IS. 7268 . 200 Sol . 83 „14 . 650 . 180-. 
153300 302718, 2179 ZI : . „613 . 180-. 


163001 . 204 „144 2 : : 2552 . 190-. 
1643 . 2218 eS mI : : JOVE .185-. 


1635 E .264 .144 STS : : .664 . 170-. 
1642 . .274 IZ sl DIS : : 3709 . 170-. 


1594 . 233 «LO mue ; s 570 . 180-. 
Todo ozal . 188 DIG 288 : 430 . 1807. 


6a,7a - Ferrocene 


8a - 12% Cerium Hex 





e Runs #4,5,7,8 and 10 yielded D32 values with a large 
uncertainty, ge the strip chart re ading 
appeared good and steady readings were obtained. The 
large uncertainty could be due to changes in the soot 
particle distribution resulting from running the combu- 
stor at such lean fuel-air ratios and low air mass flow 
rates. The light transmission technique was applicable 
only. to, mono-modal, RO al istributions. In 
earlier investigations |Ref. 6] in which the combustor 
was operated a its esign air flow rate of 2. 
lbm/sec (vs 1.75 lbm/sec in the present study) the 


particle diameter measurements were more accurately 
determined. 
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TABLE 3 
RESULTS OF TESTS ON NAPC #7 AND #3 FUELS 


Run Exhaust Combustion Region Exhaust Region 


no. Temp f Transmittance Transmittance 
CIR) T(O. 48) T( 0.63) D32 I( 1.0) T(0.65) T(0. 245) D32 
(micron) (micron) 
153527 203 2 "IY . 852 799 . 667 . 180-. 200 
1641 . „291 197 $16 -879 -805 uad . 190-. 200 


1632 T925 -162 = T651 52 2970 2070s. 220 
1640 . 2337 2155 = . 886 . 809 . 730 . 180-. 200 


1664 . „09 S183 . 14 „845 . 788 . 660 
165900 „14 . 240 „16 7975 SOS DL 


1653207 : 230 SS "O20 uu . 670 
1528 : . 245 2I . 870 -83 2720 


1764 . : 2990 * 2978 : . 698 
1760m: : 2399 x . 918 : „190 


1669 . . 90 S2 535 : . 694 
1749 . : 190 ZI . 842 : . 668 


9a,10a - 12% Cerium Hex 
11a,12a - USLAD 2055 
l3a - 12% Cerium Hex 





Run #10 did not provide a D32 value for the combustion 
ion Ihis was because the extinction coefficient 
ratio obtained from the experiment resulted in a value 
off the curve of the extinction coefficient ratio 
versus D32 plot. 


Runs #11 and #12 gave good exhaust transmittance read- 
ings (see Figures, 6. and 6.11) but the ,computed 
extinction coefficient ratios did not result in proper 
alues for entry into the plots,to obtain a D32 value 
See discussion above for runs #4, etc. ). 
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A plot of the mean values of measured exhaust D32 values 
versus fuel-air ratio is shown in Figure 6.15. Figure 6.16 
is a plot of D32 versus exhaust temperature. The data indi- 
cate that as fuel-air ratio (or exhaust temperature) was 
increased, D32 values decreased. A plot of transmittances 
versus exhaust tempersture is shown in Figure 6.17. The 
transmittances were fairly constant with exhaust tempera- 
ture. This finding is different from earlier findings with 
higher air flow rates [Ref. 6] which concluded that trans- 


mittance decreases as exhaust temperature increases. 


B. RTE NTR OF FUEL-ADDITIVES ON NAPC #7 FUEL (RUNS #6A - 


The results are shown in Tables 2 and 3 and the strip 
chart recordings are shown in Figures 6.5 to 6.11. Runs 
#10a did not yield a D32 value for the combustor region for 
the same reasons given above. Runs ¿illa and #12a were 
Similar to runs #11 and #12 and therefore did not provide a 
D32 value for the exhaust section as discussed above. In 
Table 4, it is observed that transmittance increased with 
the use of additives, although D32 values did not change 
significantly (see Figure 6.15). The additives also had 
insignificant effects on exhaust temperatures (see Figure 
6.16). Computed mass concentrations (see Table 4) in the 
combustor exhaust showed significant reductions of soot mass 
concentration (Cm) with the additives. 127 Cerium Hex-Cem 
resulted in a 2075-2575 reduction in Cm as compared to 167 for 
Ferrocene. The reduction in Cm for USLAD 2055 was not 
computed because a D32 was not available. However, the 
percentage reduction in exhaust transmittance for USLAD 2055 
was seen to be between that of Ferrocene and 127 Cerium 


Hex-Cem, which was the highest. 
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TABLE 4 
% CHANGES IN CM AND EXHAUST TRANSMITTANCES 


Mass Amount of % reduction  % reduction in 
Concentration Additive Used in Cm Exhaust Transmittance 
(mg/litre) (ml/gal) TE) TS) 
„354 
. 347 22; S : 1.41 
. 368 
„309 30. 


5B. 


58. 





C. EFFECTS OF ALS AND ¿LÍA AIR TEMPERATURE USING NAPC #7 
FUEL (RUNS #13 AND #13A 


Combustor inlet air at 270%F was used in this run. For 
the additive run (run #13a), the extinction coefficient 
ratios could not be obtained (see Table 3). However, the 
ratios were quite close to those obtained for the non- 
additive run. Therefore, the same D32 value obtained for the 


non-additive run was used to compute a Cm for the additive 
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run. The percentage reduction in Cm was 34.5% (see Table 4). 
This was higher than any of the changes observed when using 
cold inlet air. The percentage increase in transmittances 
were also much higher than those measured using cold air. In 
Figure 6.15, it appears that the increased inlet air temper- 
ature caused a significant reduction in D32, but in Figure 
6.16 it is seen that at the same exhaust temperature, the 
particle size change followed the same trend as the cold run 
data. It is seen that D32 in the exhaust was primarily a 
function of exhaust temperature. As exhaust temperature 
increased, D32 decreased. Also in Figure 6.18 are plotted 
the D32 values from the combustor section. Comparing Figure 
6.18 with Figure 6.16, we see that in the combustor, 
particle size changed more rapidly with fuel-air ratio (or 
exhaust temperature). At low fuel-air ratios (or exhaust 
temperature) the particle size in the combustor and in the 
exhaust duct were nearly identical. As the fuel-air ratio 
was increased, the combustor particle diameter decreased 
more rapidly than in the exhaust duct. Thus, there was a 
growth in mean particle diameter from the combustor to. the 


exhaust duct at high fuel-air ratios. 


D. TESTS USING NAPC #3 FUEL (RUNS #14 AND #15) 

Two tests (without additives) were carried out using 
NAPC #3 fuel. The results are shown in Table 3 In Figures 
6.15 and 6.16, we see that larger values of D32 were 
obtained compared to NAPC #7 fuel. Also, in Figure 6.19, 
where exhaust temperature is plotted against fuel-air ratio, 
we see that fuel type had an effect on the Te versus f plot. 
Both of these results are also different from the earlier 
findings [Ref. 6] which had found no effect of fuel type on 
Te or D32. However, the earlier experiments were carried out 


under a different set of operating conditions and this might 
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be the reason for the difference in findings. The different 


operating conditions are given below: 


Air Mass Flow Chamber Pressure 
Rate (lbm/sec) ( 1b/in?) 
earlier tests 2:69 . 105 
(Ref. 6) 
present investigation : 1-75 85-90 


On the average, the D32 values in the present investigation 


also had more uncertainty than in the earlier tests. 


E. COMPARISION OF RESULTS WITH LIGHT SCATTERING 
MEASUREMENTS 


Runs #1 through #15 were carried out without the light 
scattering apparatus at the exhaust section being used. The 
reason was a follows. To operate the light scattering appa- 
ratus, a beam combiner was required to be placed in the path 
of the incident beam for light transmittance measurement. 
This reduced the intensity of the incident beam to a level 
where the photodiode was not as sensitive, producing poor 
results. Therefore, to make a comparison between results 
from the two different measuring techniques, a Separate run 
using just the scattering apparatus was carried out. The 
results below showed that there was a reduction in particle 
size with the use of 1275 Cerium Hex-Cem. Also the measured 
value of D32 was larger than that obtained with the light 


transmittance technique. 


Exhaust Scattering Scattering Additive D32 
Temp Intensity( 209) Intensity( 40?) Used 
(OR) (volts) (volts) (ml/gal) (micron) 
1643 0. 100 0.035 -- . 260 
1684 0. 073 0. 030 58 5 
(Cerium) 
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The D32 value obtained with additive was in agreement with 
the light transmission measurement value (see Figure 6.16). 
The D32 without additive was quite large and may have 
resulted from measurement error. Further efforts are 
required to clarify the reasons for these differences 
obtained using the two optical techniques for particle 


sizing. 
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Figure 6.1 Strip Chart Recording of Run #2. 
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Figure 6.2 Strip Chart Recording of Run #3. 
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Figure 6.3 Strip Chart Recording of Run #4. 
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Figure 6.4 Strip Chart Recording of Run #5. 
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Figure 6.5 
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Figure 6.6 Strip Chart Recording of Run #7. 
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Strip Chart Recording of Run #8. 
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Figure 6.8 Strip Chart Recording of Run #9. 
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Figure 6.9 Strip Chart Recording of Run #10. 
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Figure 6.10 Strip Chart Recording of Run #ll. 
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Figure 6.11 Strip Chart Recording of Run #12. 
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Figure 6.12 Strip Chart Recording of Run #13. 
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Figure 6.13 Strip Chart Recording of Run #14. 
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Figure 6.14 Strip Chart Recording of Run #15. 
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Figure 6. 15 D32 vs Fuel-Air Ratio for Exhaust Region. 
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Figure 6.16 D32 vs Exhaust Temperature for Exhaust Region. 
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Figure 6.17 Transmittance vs Exhaust 


Temperature for Exhaust Region. 
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Figure 6.18 D32 vs Exhaust Temperature for Combustor Region. 
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Figure 6. 19 Exhaust Temperature vs Fuel-Air Ratio. 
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VII. CONCLUSIONS AND RECOMMENDATIONS 





The results of this series of experiments indicated that 
Ferrocene, 12% Cerium Hex-Cem and USLAD 2055 were all effec- 
tive in reducing the opacity of the exhaust gases. Particle 
size measurements using light transmittance methods indi- 
cated that the additives had negligible effect on mean 
particle diameter, indicating that the reduced opacity 
resulted from a reduction in soot mass concentration. 
However, scattered light measurements indicated that the 
additives resulted in a decrease in particle size. The 
ability to simultaneously measure scattered light and trans- 
mittance in the exhaust region during the same test should 
enable this discrepancy to be checked. The use of a stronger 
white light source, or the construction of a different set 
of windows for the laser beam to enter the exhaust region, 
would permit this to be accomplished. The use of two- 
wavelength transmittance measurements in the combustor 
region is recognised to be inadequate. The use of another 
wavelength in the 800nm to 1100nm range would clearly solve 
this problem. However, most of the lasers operating in this 
range have either very high power or are too large to fit 
conveniently into the experimental setup. Also, the 
inability to use scattered light measurements in the combus- 
tion region further frustrates the attempt to obtain good 
particle size measurements in that region. The scattered 
light measurements failed because there was excessive 
combustion light at the measurement point. One possible way 
to get around this problem would be to relocate the point at 
which the scattered light measurements are taken. 

The application of optical techniques for particle size 
measurement to an actual gas turbine combustor introduced 


some practical complications. For instance, at high 
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temperatures, the metal combustor expands and moves. This 
shift in the system can upset the optical alignment of the 
measuring instruments, which is very critical to good 
measurements. In the course of this experimental work, it 
was found that the following procedure helped to overcome 
some of the problems associated with the system moving due 


to expansion, and improves the quality of data collected: 


* The ee light beam must be collimated and the beam 
diameter made smaller than the windows on the combustor 
can. The beam must be aligned such that it is centered 
on both the windows. Carrying out the above ensures 
that the light beam will not be disturbed by the small 
novenentu of the window tubes when the combustor is 

ot. 


* The light beam that passes through the combustor must 
be aligned with the photodiode box such that a circular 
Spot of uniform intensity is impinging on the photo- 
diodes. 

e The photodiodes give better results when the incomin 
light intensity (at 100% gransmi t an ives an outpu 
voltage that is in the mid-range of the photodiode 
output. This is about 5-6 volts. If it is possible, 
output voltages of the photodiodes should not be below 
1.0 volt (at 100% transmittance). 

e Nitrogen purge rate „should be set „just enough to 
prevent soot from sticking on the windows. When the 
inlet air heater is operated, the nitrogen purge rate 


should be increased to prevent water condensation on 
the combustor windows. 


Although all data capturing was done by the computer, at 
least one light transmittance output should be monitored on 
a strip chart recorder to allow visual observation of irreg- 
ular measurements. The movement of the light beam or the 
combustor due to expansion can usually be detected by 
observing these traces. Figure 7.1 shows an irregular trace 


wheras Figure 7.2 shows a typical good trace. 
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Figure 7.1 Incorrect Trace. 
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Figure /.2 Correct Trace. 
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